Summary. Cultured mouse pancreatic islets were prelabelled with 2-3H-adenosine in order to monitor the efflux pattern of radioactivity and insulin. The outflow of radioactivity decreased continuously when the islets were perifused with glucose (1.67 mmol/1). When raising the glucose concentration to 16.7 mmol/1, there was a prompt inhibition of the radioactive efflux concomitant with an increased rate of insulin release. These effects were reversed when the high glucose challenge was withdrawn. Similar radioactive efflux patterns were obtained after addition of a-ketoisocaproic acid, leucine or pyrurate to the perifusion medium; and also when the islets were challenged with high glucose concentrations in the absence of calcium. Both antimycin A and glipizide stimulated the efflux of radioactivity, although only the addition of glipizide was accompanied by a stimulation of the insulin release. Nucleotides constituted approximately 90% of the total effluent radioactivity. Decrease in the radioactive AMP and ADP effiux due to high glucose was furthermore found to be the cause of the observed inhibition of the total radioactive effiux. The changes in radioactive effiux induced by glucose probably reflect changes in the intracellular concentrations of AMP and ADP. It is concluded that no simple correlation exists between radioactive efflux and insulin release and that changes in the intracellular concentrations ofnucleotides may be an early event in the stimulus-secretion coupling of glucose-induced insulin release.
It has been shown recently that adenosine and certain other nucleosides stimulate both the release and biosynthesis of insulin by mouse pancreatic islets [1, 3, 12] . Further, it has been demonstrated that culture in the presence of 10 mmol/1 adenosine can maintain mouse islets in a high functional state [3] . These stimulatory effects of adenosine have been attributed to its oxidative metabolism, although one report [11] has suggested receptor effects of adenosine in isolated islets.
In a recent study [19] , we have characterized adenosine uptake by mouse pancreatic islets. It was found that adenosine is readily taken up by islets and that the majority of the adenosine taken up is incorporated into the nucleotide pools. From studies of other tissues and cells it is reasonable to assume that the metabolic products of adenosine, i.e. inosine and hypoxanthine, are released from the islets. Since nucleotides may exert important regulatory functions in the B cells [6, 14] and AMP is in equilibrium with adenosine via a 5'-nucleotidase (E.C.3A.3.5.) [13] , the efflux of radioactivity in response to glucose and other secretagogues from islets prelabelled with 2-3H-adenosine was examined.
Materials and Methods

Chemicals
Collagenase (type CLS) was obtained from Worthington Biochemicals, Freehold, New Jersey, USA. Bovine albumin (fraction V), 3-0-methylglucose, adenosine, adenine, inosine, hypoxanthine, cyclic AMP, ITP, IDP, IMP, GTP, GDP, GMP, guanine, guanosine, 1-1eu-cine, a-ketoisocaproic acid, 1-glutamine, antimycin A, tricyelohexylammonium-phosphoenolpyruvate (PEP), firefly extracts (FLE-50), N-2-hydroxyethylpiperazine-N'-2-ethanosulphonic acid (Hepes), apyrase and Tris were supplied by Sigma Chemicals, St. Louis, USA. 2-3H adenosine was from the Radiochemical Centre, Amersham, Bucks, UK. D-glucose was purchased from Mallinckrodt Chemical Works, St. Louis, USA. Instagel was obtained from Packard Instruments, Downers Grove, Illinois, USA. ATP, ADP, AMP, pyruvate kinase and myokinase were from Boehringer Mannheim, FRG. The medium RPMI 1640 was supplied by Flow Laboratories, Irvine, Ayrshire, UK. Penicillin and streptomycin were from Glaxo Laboratories, Greenford, Mid-0012-186X/82/0022/0054/$01.40 dlesex, UK. Hank's solution, TC 199 and calf serum were obtained from Statens Bakteriologiska Laboratorium, Stockholm, Sweden. Glipizide was a gift from Carlo Erba, Milano, Italy. All other chemicals used, as well as the silica gel coated glass plates, were from E. Merck, Darmstadt, FRG.
Islet Preparation
Islets were isolated from male NMRI-mice, after overnight starvation, by means of a collagenase digestion technique [9] . After isolation, the islets were collected and cultured for 2-7 days in medium RPM11640 [2] supplemented with 10% calf serum and glucose (11.1 retool/l) before being used in the various experiments. In some experiments, islets from 65 h starved mice were isolated and used directly.
Islet Pre-incubation with 2-3H-Adenosine
Islets (n = 25-75) were incubated for 45 rain at 37 ~ C in CO2: ambient air (5 : 95) in Hepes-buffered glucose-free Krebs Ringer salt solution (100 lxl) supplemented with 2-SH-adenosine (0.1 mmol/1, 1.24-10 Ci/ mmol) as described previously [19] . In four experiments, 60 islets were pre-incubated 6 h in medium TC 199 (glucose 5.5 retool/l) supplemented with 2-SH-adenosine (0.1 mmol/1, 10 Ci/mmol). After pre-incubation, the islets were rapidly washed four times at 4 ~ C in the uptake medium (200 l-tl) without labelled adenosine.
Perifusion Experiments
In these studies, prelabelled islets were pooled and 60 150 islets were transferred into each perifusion chamber. The islets were perifused at 37 ~ C for 15 rain with glucose (1.67 retool/l, unless otherwise stated) in a Hepes-buffered Krebs Ringer bicarbonate salt solution supplemented with bovine serum albumin (0.5 mg/ml), before additions were made as described in the figures. The media were always gassed with 95% 02/5% CO2. The flow rate was 1 ml/min. All radioactive efflux values were calculated as percentages of the average effiux rate between minutes 11 and 15. Aliquots (900 ~1) of all fractions were measured by liquid scintillation after addition of Instagel (5 ml) and the remaining 100 tll were used for insulin determination [7] .
Thin-layer Chromatographic Separation of Islet Extracts
Islets prelabelled with adenosine were perifused as above. At given times, the filter with the islets was quickly transferred into 10% trichloroacetic acid (w/v, I00 l.tl), containing bromocresyl green (20 parts/ million) as an indicator and extracted at 0 ~ C. In some experiments freeze-dried effluent samples were extracted at room temperature. The extraction was allowed to proceed for 20-30 rain before K2CO2 (4 mol/l) was added to bring about a colour-change of the indicator (pH 4). Nucleotides and nucleosides were then separated as described previously [17] . Samples of 40 l.tl were applied to silica gel coated glass plates (20 x 20 cm or 5 x 20 cm) containing a fluorescence indicator (Fzsd). The plates were developed for 3 h in a mixture of isobutylalcohol-amyl alcohol-ethoxy ethanol-ammonia and glass distilled water 
A TP, ADP andAMP Measurements
These measurements were performed using a luciferase technique as described previously [20] . Islets were incubated and freeze-dried as described in the Table 3 legend. The freeze-dried islets were rapidly extracted with NaOH (0.02 tool/l, 40 ~t) and subsequently heated at 60 ~ C for 15 min to destroy remaining enzyme activity. Samples (4.9 ktl) were diluted with Tris (0.1 tool/l, 10.9 ~1), containing EDTA (5 retool/l, pH 8.0) before measurements of ATP as described by Wettermark et al. [20] . For ADP and AMP determinations, islet extracts (1.95 ul) were incubated with Tris buffer (0.1 mol/l, 6.65 ~tl, pH 7.4), PEP (0.3 mmol/1), KC1 (60 retool/l), MgCI2 (30 mmol/1), and either pyruvate kinase (E.C.2.7.1.40, 100 U/ml) alone or with the addition of myokinase (E.C.2.7.4.3, 76 U/ml). The incubations were stopped after 60 min at 38~ by dilution with Tris (0.1 tool/l, 10.9 ~1) containing EDTA (5 mmol/1, pH 8.0). Blanks and standards were run through the identical procedures.
Determinations of Specific Radioactivities
The cpm value in each nucleotide fraction separated by thin-layer chromatography was converted to ~tCi by counting a 2-3H-adenosine standard under identical quenching conditions. For the calculations of the specific radioactivites the values of the total intracellular nucleotide contents given in Table 3 were used. The SEM for the different specific activities was calculated according to the following formula:
where SDi equals the standard deviation of the radioactive content of the nucleotide tested, SDj the standard deviation of the total amount of this particular nucleotide, ~i and Xi the corresponding means and nl or nj the number of observations.
Results
Efflux of Radioactivity and Insulin
There was a significant decrease in the effiux of radioactivity concomitant with an increase in the insulin secretory rate when the islets were challenged with a high glucose concentration [16.7 mmol/1 ( Fig. 1) ]. The return to basal conditions (glucose 1.67 mmol/1) resulted in an increase of the radioactivity of the effluents and a decrease of the insulin release. The same kinetics of radioactive efflux were observed when challenging islets prelabelled with 2-3H-adenosine for 6 h with glucose (16.7 mmol/1). When prelabelled islets were challenged with high glucose concentrations in the absence of Ca 2 +, a similar pattern of radioactive efflux was observed ( Fig. 1) , despite the lack of insulin secretion. It is noteworthy, however, that the inhibition of the radioactive efflux was more marked and that there was no later increase of this effiux after withdrawal of the high glucose stimulation. Perifusion with c~-ketoisocaproic acid (10 mmol/1) provoked similar but slightly more pronounced effects on the radioactive efflux and insulin secretion than those observed with high glucose concentrations (Fig. 2) . Addition of pyruvate (30 mmol/1) to the low glucose medium resulted in a fall of the radioactive efflux without any parallel increase of the insulin secretion (Fig. 3 Fig . 6 . Separation of the radioactive effluents with respect to ATP, ADP and AMP. Cultured islets (n = 150) were pre-incubated as described in Cultured islets (n = 3150) were prelabelled and per• for 14 rain at glucose (1.67 mmol/1) before changing to glucose (16.7 mmol/1) for 10 min and finally returning to basal conditions. Two min fractions taken at the time intervals described in the top of the table were frozen and freeze-dried before separation by thin-layer chromatography (Methods section). Values represent mean + SEM for seven to eight experiments expressed as percentage of the total radioactivity in each effluent sample the insulin release when added during per• Islets isolated from starved mice did not respond with an increased rate of insulin secretion when challenged with high glucose levels or leucine, whereas the addition of theophylline to the high glucose medium partly restored the stimulatory effect of glucose. Under all these circumstances, the pattern of the radioactive effiux was almost identical whether islets from fed or fasted mice were employed.
Addition of antimycin A (10 p~mol/1) to the low glucose medium caused a prompt increase in the radioactive efflux, which was not influenced by increasing the glucose concentration (Fig. 4) . The rate of insulin secretion was unchanged after the antimycin A supplementation. In order to ensure a stimulatory effect of glipizide on the insulin secretory rate, experiments with this compound were performed with a basal medium containing glucose (5.5 mmol/l). It was found that the initial peak of insulin secretion in response to the glipizide stimulation was accompanied by a marked parallel increase of the radioactive effiux (Fig. 5) . The times at which the maximum values of these variables occurred, however, differed in that the peak insulin secretion value preceded by 2 min that of the radioactive effiux. The withdrawal of glipizide from the per• medium did not affect the rates of insulin secretion and radioactive effiux.
Radioactive Components of the Effluents
As shown in Table 1 , adenine nucleotides and inosine constitute > 90% of the total radioactivity in the effluents. When challenging the prelabelled islets with high Cultured islets (n = 125) were perifused under different conditions and then extracted and the metabolites separated. The results are expressed as mean_+ SEM for five to seven experiments and show the radioactivity in each nucleotide and nucleoside pool expressed as percentages of the total radioactivity. Line I shows the distribution of radioactivity from islets perifused for 15 rain with glucose (1.67 retool/l), whereas line 2 demonstrates the effects of an additional 5 min perifusion with glucose (16.7 retool/l). Line 3 gives the result of experiments in which the islets were perifused for 15 min with glucose (1.67 mmol/1), then for 15 rain with glucose (16.7 retool) and finally for 20 rain at basal conditions. Results in line 4 are fi'om experiments in which the islets were exposed to pyruvate (30 retool/l) in glucose (1.67 retool) for 5 rain after 15 min low glucose perifusion, a p < 0.05 and b p < 0.01 when tested against corresponding values in line 1 ; c p < 0.05 and d p < 0.01 when tested against corresponding values in line 2 glucose (16.7 mmol/1), the percentage of ATP increased significantly (p < 0.05), concomitant with a marked decrease in the AMP content (p < 0.05). In an attempt to visualize how the different nucleotides contributed to the radioactive effiux at different time intervals during the perifusion, the figures were expressed in reference to those obtained just before the high glucose challenge (Fig. 6 ). All nucleotides decreased markedly as did the total radioactive efflux during the first low-glucose equilibration period. With the addition of high glucose concentrations, the amounts of AMP and ADP decreased further during the first 4 min, but then remained constant. The ATP level, however, did not increase initially but subsequently gradually declined. Table 2 shows that the intracellular islet content of labelled ATP increased after the high glucose challenge concomitant with decreases in all other components (ADP, AMP, inosine and adenosine). The inverse reaction was observed when the glucose concentration of the perifusion medium was again decreased. Pyruvate addition to the low glucose medium, however, did not affect the islet content of the different nucleotides and nucleosides.
Radioactive Components of Islet Trichloroacetie Acid Extracts
Nucleotide Concentrations of Batch-Incubated Islets
A bioluminescence assay was used to determine the adenine nucleotide content of islets incubated for 15 min in glucose (1.67 mmol/1) with or without a subsequent 5 min incubation in glucose (16.7 mmol/1) (Table 3) . Again, a marked increase of the ATP concentration was observed in response to the high glucose stimulation, which was accompanied by a substantial decrease of the AMP concentration. The ADP concentration was not significantly influenced by the increased glucose concentration. Addition of pyruvate to the low glucose medium did not change the ATP concentration of the islets (results not shown). Specific activities were determined on 125 islets prelabelled with 2-3H -adenosine (2.5 Ci/mmol) for 45 min. The experimental conditions at the two glucose concentrations were as those given in Table 2 including extraction and separation by thin-layer-chromatography of the radioactivity. The results are expressed as mean + SEM in Ci/mol for five experiments. ~ denotesp< 0.01 when tested against ATP specific activity at glucose 1.67 mmol/1
Determination of Specific Radioactivities
The increase of the glucose concentration did not affect the specific radioactivity in any of the adenine nucleotides (Table 4) . Moreover, the specific radioactivities of all nucleotides were the same apart from ATP and AMP values at glucose (1.67 mmol/1). This difference may reflect the methodological difficulties in determining total intracellular AMP content.
Discussion
The present study shows that an efflux of radioactive nucleotides occurs from islet cells prelabelled with 2-3H -adenosine. It was also found that in some experiments changes of the efflux pattern were inversely correlated to changes in the rate of insulin secretion as induced by glucose. The findings that the intracellular specific radioactivity of ATP, ADP and AMP were approximately the same, both at low and high glucose concentrations, suggest that within 45 min the radioactivity had equilibrated within the (major) intracellular adenine nucleotide pools. Moreover, there was an almost total correspondance between the decrease of the intracellular AMP and ADP concentrations and that of the radioactive AMP and ADP efflux in response to glucose. Against this background it seems plausible that the glucose-induced alterations of radioactivity efflux reflected changes of the cytoplasmic AMP and ADP concentrations. In order to substantiate further this hypothesis, determinations of the specific radioactivities of the effluent nucleotides would be needed. Unfortunately, no sufficiently sensitive techniques were available for this purpose. The finding that 6-h prelabelled islets displayed a similar glucoseinduced effiux pattern as those of 45-min prelabelled cells, nevertheless, speaks in favour of the above mentioned hypothesis, since the long-term prelabelling with 2-3H-adenosine probably gives a complete intracellular equilibration of radioactivity. Similar responses in the radioactivity efflux pattern were observed after addition of two other metabolizable secretagogues, c~-ketoisocaproic acid and leucine, whereas no response to the metabolized non-initiating secretagogue glutamine was observed [16] . A discrepancy between insulin release and our observed radioactivity efflux pattern was, however, seen when pyruvate was added. Pyruvate has previously been shown not to affect the levels of nucleotides in islets [18] . It also did not affect the concentrations of labelled intracellular nucleotides of trichloro-acetic acid extracted islets compared to controls in this study. It must therefore be assumed that the observed effects of pyruvate on the efflux of radioactivity were due to changes in the membrane permeability or intracellular distribution of nucleotides.
We have recently described an impaired insulin release in response to both glucose and leucine after starvation (unpublished observations), although only the metabolism of glucose was found to be inhibited. Our present findings of 'normal' radioactive efflux patterns in response to both glucose and leucine, despite the strongly suppressed insulin release, suggests that the metabolic step responsible for the changes in intracellular nucleotide concentrations evoked by glucose or leucine is not influenced by starvation.
Antimycin A, an inhibitor of islet cell respiration [10] , and glipizide, a sulphonylurea, both increased the rate of radioactive effiux from perifused, prelabelled islets. The observed effect of antimycin A was expected, since inhibitors of islet respiration may increase the intracellular AMP levels [15] . The stimulation of radioactive efflux observed after stimulation by glipizide was, however, somewhat surprising. It is perhaps relevant here that it has been proposed that certain sulphonylureas have ionophoretic properties in islets [5] . The functional significance of the increased radioactive efflux in response to glipizide remains, however, unclear. An increased effiux of nucleotides could, however, explain the previous observations of decreased ATP-concentrations [8] and inhibited glucose-stimulation of proinsulin biosynthesis [4] in islets exposed to sulphonylurea.
With the present experimental design it is possible to obtain only an indirect picture of the kinetics of changes in the intracellular AMP or ADP concentrations. The efflux curves reported in this study are highly suggestive of a possible coupling between early metabolic events, which affect the intracellular concentrations of nucleotides and the rate of insulin release when metabolizable secretagogues are added. Thus, the possibility exists that the specific effects on nucleotide concentrations, evoked by glucose, a-ketoisocaproic acid and leucine which gave rise to the observed efflux pattern, may play an important role in regulating other metabolic parameters. One such important parameter may be the redox ratio of the pancreatic islets which has been suggested to be a coupling factor between glucose recognition and insulin release [6, 14] . This suggestion does not necessarily contradict previous reports on different kinetics of glucoseinduced insulin release and changes in intracellular nucelotide levels [15] , since such a mechanism would precede other metabolic events and thus play a permissive role.
